[1] Past climates, such as the Eocene (55 -38 Ma), experienced dramatically warmer polar winters. Global climate models run with Eocene-like boundary conditions have under-predicted polar temperatures, a discrepancy which has stimulated a recent hypothesis that polar stratospheric clouds may have been important. We propose that such clouds form in response to higher CO 2 via changes in stratospheric circulation and water content. We show that the absence of this mechanism from models of Eocene climate may be attributable to poor vertical resolution in the neighborhood of the tropical tropopause. This may cause the models to underestimate future greenhouse warming.
Introduction
[2] Paleoclimate data from the Eocene indicate that deep ocean temperatures were approximately 10 K warmer than at present [Douglas and Woodruff, 1981] , as were polar sea surface temperatures [Zachos et al., 1994] . Northern hemisphere continental interiors were warm enough throughout the year to sustain palm trees and other tropical flora and fauna, as were far northern land regions such as Ellesmere Island. Continental glaciation was essentially absent [Sloan and Barron, 1992] . By contrast, tropical temperatures appear to have been similar to present values [Schrag, 1999] , or possibly somewhat warmer [Pearson et al., 2001] .
[3] Several studies have sought to identify the mechanisms responsible for the Eocene climate and other warm climates, such as the Cretaceous. Possible mechanisms include enhanced meridional heat fluxes due to ocean circulation changes [Toggweiler and Bjornsson, 2000] or to reorganization of atmospheric circulation [Lindzen and Pan, 1994; Farrell, 1990] , enhanced greenhouse warming due to high carbon dioxide concentrations [Sloan and Barron, 1992] , and reductions in global topography [Bush and Philander, 1997] . Although these modeling efforts have produced relatively warm polar temperatures, they have not been able to reproduce the above-freezing temperatures of the reconstructed Eocene wintertime polar and continental interior regions. This failure is important, because it suggests that the GCMs have neglected a strong warming mechanism, operating in warm climates, which acts preferentially in cold regions. Such a mechanism might also be operative in a future climate, warmed by increased greenhouse gas concentrations, leading to underestimates of future polar warmth by GCMs.
[4] Recently, Sloan and Pollard [1998] imposed optically thick (optical depth unity) polar stratospheric clouds (PSCs) in a GCM, in combination with increased greenhouse gas concentration, producing a temperature distribution more consistent with observations from the Eocene. The addition of PSCs to the polar night stratosphere resulted in wintertime surface warming ranging from 4 K in midlatitude regions to 20 K in some locations near the poles. They suggested that these thick PSCs might result from an increase in stratospheric water vapor due to higher fluxes of methane into the stratosphere, perhaps due to increased swamp and wetland area in a warmer world. However, while Eocene polar warmth appears to have been uninterrupted for over ten million years [Zachos et al., 1994] , the lifetime of methane in the modern atmosphere is quite short (%7 years) [Lelieveld et al., 1998 ]. Thus, if polar warmth were dependent on high methane levels, the latter must have been maintained by consistently elevated methane production over this period. While there is isotopic evidence for large releases of atmospheric methane to the ocean and atmosphere during the late Paleocene, evidence of sustained high methane levels is lacking.
[5] While the attribution of polar warmth to high methane levels remains plausible, we believe that a direct link to CO 2 would be more parsimonious, because the large reserve of carbonate in the ocean gives atmospheric CO 2 a long lifetime, and because the association of global warmth with polar warmth is strong throughout the geological record. In this paper we propose an alternative mechanism for PSC formation as a positive feedback on the meridional temperature gradient, and on greenhouse gas concentration. Our mechanism works as follows. GCMs respond to increased greenhouse gas (GHG) concentrations by reducing the equator-to-pole temperature difference (EPTD). This result is due to the positive ice-and snow-albedo feedback in polar regions, which tends to increase the surface warming initiated by GHG increases in the polar regions. A reduction in the EPTD might also have been forced by an increase in oceanic or atmospheric heat transports due to changes in the positions and shapes of the continents [Toggweiler and Bjornsson, 2000; Lindzen and Pan, 1994] .
[6] Once the EPTD were substantially reduced from its present value, we posit that the energy of gravity and planetary waves propagating from the troposphere into the stratosphere would be reduced. Evidence to support this supposition comes from several sources. A smaller surface temperature gradient from the equator to the poles implies a reduced effective potential vorticity gradient at the surface, and smaller growth rate for atmospheric eddies [Lindzen and Farrell, 1980] . GCM results for climates with reduced EPTD [Rind, 1998] , and for doubled CO 2 [Shindell et al., 1998 ], show such a reduction in planetary wave activity, and observations of recent trends in wave propagation into the stratosphere show a decreasing trend, along with a decrease in stratospheric overturning, as the surface climate has warmed [Fusco and Salby, 1999] . These results alone do not demonstrate a direct link between surface temperature gradient and deposition of wave pseudomomentum in the stratosphere, since a reduced meridional temperature gradient might be expected to result, via thermal wind balance, in reduced mean jet speeds, which would tend to allow a GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 11, 1556 , 10.1029 /2002GL014659, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL014659$05.00 broader spectral range of planetary waves to propagate into the stratosphere [Charney and Drazin, 1961] . However, GCM simulations of warmer climates have generally not shown a reduction in jet speeds, because reduced meridional temperature gradients at the surface have not, in the models, been accompanied by reduced gradients aloft [Shindell et al., 1998; Bush and Philander, 1997; Rind et al., 2001] .
[7] Assuming that a reduced EPTD would reduce the upward propagation of waves into the stratosphere, it should also reduce the momentum deposited there by those waves. It is this momentum deposition that drives the overturning circulation of the stratosphere [Haynes et al., 1991] ; the overturning acts to cool the tropical stratosphere via forced ascent and warm the polar stratosphere via forced descent [Eluszkiewicz et al., 1996] . So we expect reduced wave momentum deposition to warm the tropical stratosphere and cool the polar stratosphere. Such an effect has been observed in a GCM study of the Paleocene stratosphere [Rind et al., 2001] , though this result is sensitive to the details of stratospheric temperature change. Warming of the tropical stratosphere, assuming it extends to the tropopause, will tend to increase the concentration of water vapor entering the stratosphere [Weinstock et al., 2001] (though other factors, including aerosol burden [Sherwood, 2001] , may influence this concentration). An increase in stratospheric water vapor would lead to more frequent, optically thicker PSCs, an effect enhanced by the cooling of the polar stratosphere [Kirk-Davidoff et al., 1999] . A reduced stratospheric overturning circulation would also tend to reduce mid-latitude and polar ozone concentrations.
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where
F p is the surface heating due to PSCs, t is the PSC optical depth, q is the polar stratospheric water vapor mixing ratio, T t is the mean temperature of the tropical tropopause, w is the rate of stratospheric overturning, CO 2 is the concentration of carbon dioxide, T st is the mean temperature of the polar vortex, M is the momentum deposition by waves in the stratosphere, A is the mean eddy kinetic energy in the troposphere, T eq is the mean surface temperature at the equator, T p is the mean surface temperature of the polar regions, and J is the mean jet stream velocity.
Model Description
[9] We use a two-dimension climate model with high vertical resolution (15 mb) to estimate the potential strength of this feedback mechanism, to explore its timing over the seasonal cycle, and to consider why this mechanism might be missed in GCM studies. The model is a modified version of the two-dimensional (latitude and atmospheric pressure) energy balance model presented in KirkDavidoff et al. [1999] , and uses the radiative transfer codes of Chou and Suarez [1999] for solar radiation and Chou et al. [2001] for terrestrial radiation. In the runs described here, surface static stability is set by requiring the isentrope leaving the equator to intersect the polar tropopause. Thus, polar static stability tends to decrease with decreasing EPTD. This is important, because additional model runs show that the PSC feedback is inversely proportional to polar static stability. Tropospheric temperatures are set to satisfy an assumed distribution of potential vorticity in the midlatitude troposphere, and to lie along moist adiabats in the tropics. Radiative contributions from climatological clouds, relative humidity, and ozone are included. Stratospheric water vapor mixing ratio is set equal to the saturation water vapor mixing ratio for the temperature and pressure of the coldest level of the atmosphere above the equator, thus allowing determination of @q/@T t . Two steps in the feedback loop described above are imposed in the model. We make no claim that the manner in which this is done is true to the real atmosphere. Rather, we are using the model to make an estimate of the strength of that feedback loop assuming that it functions in the simplest conceivable way. First, stratospheric overturning is made to depend linearly on the meridional temperature gradient: the overturning circulation is proportional to the weighted average of the northern and southern equator-to-pole temperature gradient, with the northern hemisphere weighted twice as heavily as the southern hemisphere, to reflect the observed dependence, with the constant of proportionality set such that the overturning yields a heating rate of À0.5 K d À1 at the equator and +0.5 K d À1 at the poles when T eq À T p = 45 K, as in the observed modern atmosphere [Eluszkiewicz et al., 1996] . Second, PSC optical depth at each grid point in the stratosphere is made to depend on the excess of stratospheric water vapor mixing ratio (wvmr) above saturation wvmr, by assuming a fixed number density of spherical cloud particles. Particle radius is then given by R ¼ , where R is the radius, r is the wvmr, r* is the saturation wvmr, n is the particle number density (assumed equal to 1 cm À3 ), and r i is the density of ice. Given particle radius and cloud water mixing ratio, the radiative transfer code computes the cloud optical depth.
Results and Discussion
[10] Although the model can be used to derive the surface temperature, we will concentrate on results from runs in which the surface temperature is prescribed. By prescribing the surface temperature, we can isolate the response of the PSCs and their heating to changes in the surface temperature distribution. In the fixed surface temperature runs, surface temperature is set as follows:
where T eq is the temperature at the equator, T p is the temperature difference between the equator and the poles, ÁT s is one-half the 4 Results are 5-year averages for regions poleward of 84°in each hemisphere, except for stratospheric water vapor (q), which represents the 5-year average in the lower tropical stratosphere (i.e. without any contribution from methane oxidation). Eocene (SP) shows the results for PSCs of optical depth 1 inserted at 60 mb, whenever a location is in darkness for a whole month, as in Sloan and Pollard [1998] .
amplitude of the seasonal cycle at the poles, m is the month of the month of the year, and f is latitude.
[11] In the model, stratospheric water vapor increases as the EPTD decreases, leading to an increase in PSC optical depth and surface heating (See Table 1 ). The PSC effect is tested by running the model twice for each temperature distribution, once with PSC physics switched on, and once off. Surface heating and outgoing radiation are then differenced to obtain the change due to PSCs. In addition, for the Eocene temperature distribution, an additional model run was made, denoted ''Eocene (SP)'', in which PSCs are imposed as in Sloan and Pollard [1998] , occurring at 60 mb with unity optical depth in all regions of polar night. Results from the no PSC case were subtracted from this run to yield the surface warming and change in outgoing radiation due to the PSCs imposed in this way. Surface heating (F p ) includes both the direct thermal radiative heating due to the PSCs, and the reduced convective heat losses the model predicts (due to radiative heating and stabilization of the model troposphere). The latter, convective effect, is far larger (90% of the whole).
[12] For the ''Eocene'' case, with polar surface temperatures averaging 285 K, the annual average PSC induced heating is substantial (15 W m À2 at the poles), though smaller than ''Eocene (SP)'' case (36 W m À2 ) ( Figure 1 ). As in Sloan and Pollard [1998] , heating due to PSCs extends equatorward from the PSCs themselves, because radiative cooling of the free troposphere is reduced below the PSCs, and this reduction implies a reduced loss of heat from the surface below and equatorward of the reduction. In the ''2 Â CO 2 '' run, meant to simulate a greenhouse induced warming of the modern climate, our model predicts a modest increase in PSC optical depth, and a very small net heating, since the PSC warming effect is reduced in a more stable polar atmosphere, where the model predicts little convective loss of heat from the surface to the free troposphere. Changes in outgoing longwave radiation (OLR, shown in Table 1 ) confirm that the PSCs act to reduce the meridional heat flux needed to balance an increase in surface temperature. By integrating the change in top-of-atmosphere radiative fluxes, we find that for the ''Eocene'' case, the effect of including PSCs is to reduce the meridional energy flux required for equilibrium by 0.1 PW, a 10% reduction in the flux through the 60°l atitude parallel in each hemisphere.
[13] Because of the simplicity of the model's treatment of static stability, we do not have high confidence in its prediction of surface temperature changes in response to stratospheric warming.
With that caveat, we note that when surface temperature are allowed to vary, our model predicts a 7 K warming of polar regions due to the inclusion of PSC effects, and a 10 K warming if PSCs are imposed as in Sloan and Pollard [1998] . The latter warming is somewhat smaller than the warming found by Sloan and Pollard [1998] , a difference which may be attributable to the simplicity of our two dimensional model's surface static stability parameterization, since the PSC warming effect diminishes sharply as surface static stability increases.
[14] Seasonal variations are similar to those imposed by Sloan and Pollard [1998] : PSCs are absent when there is non-zero solar heating of the stratosphere (since temperatures are then above the local frost point), and they form in the polar night, when temperatures are able to fall below the frost point. However, our model is also able to simulate short time-scale variations in PSC optical depth. PSC formation causes radiative heating of air below the PSC and cooling above it. This leads to an upward propagation of the cloud from one day to the next. The rapid temperature fluctuations induced by PSC formation suggest that sedimentation of PSC particles must compete with radiative heating effects if they are to remove stratospheric water before the particles evaporate. This might slow the sedimentation of ice particles that in the modern Antarctic stratosphere substantially reduces the water vapor mixing ratio over the course of the winter [Kelly et al., 1989] . In the real atmosphere, these cloud-related heatings and cooling would tend to force circulations which would further feed back on temperature and cloud structure: analysis of such effects will require more detailed modeling.
[15] Averaging over these fluctuations, the PSCs have a strong overall warming effect on the polar stratosphere, preventing temperatures from falling much below the frost point, and thus reducing the meridional gradient of stratospheric temperature.
[16] These results lead us to inquire why GCM studies of equable climates have not predicted PSC formation. Experiments using our model with varying vertical resolution show that the sensitivity of the tropical tropopause temperature to the strength of the stratospheric overturning circulation depends critically on model resolution. For 50 mb resolution (typical for GCMs), a doubling of the tropical stratospheric upwelling from 0.3 K d À1 to 0.6 K d À1 results in a cooling of the tropopause temperature by 2.8 K, while for 10 mb resolution, the same doubling leads to a 6.8 K cooling. Thus, coarse vertical resolution in the neighborhood of the tropical tropopause makes model predictions of stratospheric water vapor unreliable. To avoid this problem, while gaining the ability to predict the planetary wave propagation from first principles, we are currently running simulations of stratospheric wave propagation for varying tropospheric climates in a simplified GCM which be run with high vertical resolution in reasonable integration times.
Conclusions
[17] An inspection of equations 1 and 2, the differential equation for heating due to PSCs at the polar surface, clearly identifies the key quantities that must be determined by observation and interpretation within the atmosphere. Some of these derivatives can now be calculated with the required accuracy. For example, @F p / @t, @t/@q, and @t/@T st , are all obtained from radiative transfer theory, laboratory and field data and from thermodynamic considerations. Those terms that define the quantitative response of atmospheric transport to changes in climate forcing such as @q/ @T t and @w/@CO 2 , clearly summarize the agenda for future research.
[18] If PSCs are sensitive to increases in CO 2 concentration, and this feedback is not being simulated by GCMs, then the GCMs used to predict the effects of anthropogenic CO 2 emissions underestimate the sensitivity of polar climates to increasing CO 2 . If the overall response of the climate system to projected increases in Figure 1 . PSC optical depth (a) and surface heating (b) for Modern, 2 Â CO 2 , and Eocene surface temperature distributions. Eocene (SP) denotes Eocene surface temperature distributions with PSCs inserted as in Sloan and Pollard [1998] .
CO 2 is at the low end of GCM predictions, or the response of the stratospheric overturning circulation to changes in the EPTD is superlinear, the feedback discussed here would be relevant for the Eocene, but of little consequence for future climate. On the other hand, if the climate system responds strongly to CO 2 increases, and the stratospheric overturning responds directly to the EPTD, current climate models may seriously underestimate the degree of polar warming which will accompany increasing greenhouse gas concentration over the next century as levels approach those of the Eocene.
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